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Abstract. This paper surveys some of the questions that arise when we consider 
how entanglement and relativity are related via the notion of non-locality. We begin 
by reviewing the role of entangled states in Bell inequality violation and question 
whether the associated notions of non-locality lead to problems with relativity. The 
use of entanglement and wavefunction collapse in Einstein's famous incompleteness 
argument is then considered, before we go on to see how the issue of non-locality is 
transformed if one considers quantum mechanics without collapse to be a complete 
theory, as in the Everett interpretation. 

1 Introduction 

Entanglement is a property of certain quantum states, relativity a constraint on ac- 
ceptable physical theories (perhaps also a 'theory of spacetime'); relativistic versions of 
quantum theory exist. Why need we say more? 

The immediate response is that entanglement and relativity seem to run up against 
one another in the spectre of non-locality. We face the question of whether the special 
sorts of correlation that quantum mechanics allows between spatially separated systems 
in entangled states, correlations often simply dubbed 'non-local', can be consistent with 
the strictures of relativity^. We should begin, however, by noting that the relations of 
both entanglement and relativity to non-locality are rather subtle, and that the notion 
of non-locality itself is rather vague, as we shall presently see. 

The interesting properties of entangled states were emphasised by Einstein, Podol- 
sky and Rosen (EPR) in their famous 1935 paper; the term 'entanglement' itself was 
coined by Schrodinger in his work on the quantum correlations that was stimulated by 
EPR Schrodinger 1935, 1936]. With the rapid development of quantum information 
theory over the last 10-15 years and the recognition that entanglement can function as 
a communication resource, great strides have been made in understanding the proper- 
ties of entangled states, in particular, with the development of quantitative theories of 
bipartite (two party) entanglement and the recognition of qualitatively distinct forms 
of entanglement. (We will begin by considering mainly the better understood bipartite 
entanglement). Entanglement assisted communication, an important novel aspect of 
quantum information theory, also provides a new context in which the relations between 
entanglement, non-locality and relativity may be explored. 

In the following section, the question of how entanglement is related to the notions 
of non-locality arising from the work of Bell is reviewed, and how this impinges on 

* Thanks are due to Jon Barrett, Simon Saunders and David Wallace for very useful discussion of 
various of the topics raised here. C.G.T gratefully acknowledges the support of a studentship from the 
UK Arts and Humanities Research Board. 

^We shall not be concerned in thi s paper with the f u rther interesting question o f how entanglement 
transforms under Lorentz boosts; see lPeres et al.l 120021 ; iGingrich and Adamil |2002ll for investigation of 
this topic. 
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the constraints of relativity considered. Section |31 is concerned with the twin use of 
entanglement and wavefunction collapse in Einstein's incompleteness argument, recalling 
the interesting fact that Einstein's true concern in the EPR argument appears not to 
have been with relativity. It is often asserted that the Everett interpretation provides 
an understanding of quantum mechanics unblemished by any taint of non-locality; this 
claim is assessed in Section 0] and the opportunity taken to examine whether a novel 
sort of non-locality apparently associated with the use of entanglement in dense coding 
and teleportation might give cause for a new concern. 



2 Entanglement, Non-Locality and Bell Inequalities 

A state is called entangled if it is not separable, that is, if it cannot be written in the 
form: 

|*)ab = for pure, or pab — ^^iPa ® Ps, for mixed states, 

i 

where ai > 0, J^i Q^i = 1 and A, B label the two distinct subsystems. The case of pure 
states of bipartite systems is made particularly simple by the existence of the Schmidt 
decomposition - such states can always be written in the form: 

\'^)aB ^^^/p^\4>^)A®\'4'^)B, (1) 
i 

where {|</>i)}, {jfAi)} are orthonormal bases for systems A and B respectively, and pi 
are the (non-zero) eigenvalues of the reduced density matrix of A. The number of 
coefficients in any decomposition of the form is fixed for a given state \'^)ab, hence 
if a state is separable (unentangled), there is only one term in the Schmidt decomposition, 
and conversely^. The measure of degree of entanglement is also particularly simple for 
bipartite pure states, being given by the von Neumann entropy of the reduced density 
matrix oi A or B (these entropies being equal, from Q). 

To see something of the relation of entanglement to non-locality, we now need to say 
a little about non-locality. One precise notion of non-locality is due, of course, to Bell. 
Having noted that the de Broglie-Bohm theory incorporates a mechanism whereby the 
arrangement of one piece of apparatus may affect the outcomes of distant measurements 
(due to the interdependence of the spacetime trajectories of particles in entangled states). 
Bell posed the question of whether peculiar properties of this sort migh t be true of any 
attempted hidden variable completion of quantu m mechani cs Belll966j . He was shortly 
to show (famously) that this is indeed the case 



Consider two measurements, selected and carried out at spacelike separation on a pair 
of particles initially prepared in some state and then moved apart. The outcomes of the 
measurements are denoted by A and B, and the settings of the apparatuses by a and b. 
(We call this scenario a Bell- type experiment.) We now imagine adding parameters A to 
the description of the experiment in such a way that the outcomes of the measurements 
are fully determined by specification of A and the settings a and b. We also make an 
assumption of locality - that the outcome of a particular measurement depends only on 
A and on the setting of the apparatus doing the measuring. That is, the outcomes are 
represented by functions A(a, A), -B(b, A); the outcome A does not depend on the setting 

^For the mixed state case, this simple test does not exist, but progress has been made in providing 
necessary an d sufficient conditions f or entanglement for certain systems e.g. 2® 2 and 2 03 dimensional 
systems (see lHorodecki et alj |2001| for a review). 
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b, nor B on a. The parameter (or 'hidden variable') A is taken to be chosen from a 
space A with a probabihty distribution p(A) over it, and expectation values for these 
pairs of measurements will then take the form 



This sort of theory is known as a deterministic hidden variable theory. From the 
expression ((SJ, a variety of inequalities (Bell inequalities) for the observable correlations 
in pairs of measurements follow. Violation of such an inequality implies that the cor- 
relations under consideration cannot be explained by a deterministic hidden variable 
model without denying the locality condition and allowing the setting of one apparatus 
to affect the outcome obtained by the other. It turns out that the quantum predictions 
for appropriately chosen measurements on, for example, a singlet state, violate a Bell 
inequality; and the implication is that any attempt to model the quantum correlations 
by a deterministic hidden variable theory must invoke some non-local mechanism that 
allows the setting of an apparatus to affect (instantaneously) the outcome of a distant 
experiment (analogously to the situation in the de Broglie-Bohm theory). Entanglement 
is a necessary condition for Bell inequality violation, so it is entanglement that makes 
quantum mechanics inconsistent with a description in terms of a local deterministic 
hidden variables theory. This is one sense of non-locality. 

The discussion of Bell inequalities was later generalised to the case of stochastic 
hidden variable theories .Claus er and Hornc .1974; BeU IQT^I, leading to a somewhat 
different notion of non-locality. In such a stochastic theory, specification of the variables 
A only determines the probabilities of measurement outcomes. 

Bell begins his discussion with an intuitive notion of local causality, that events 
in one spacetime region cannot be causes of events in another, spacelike separated, 
region. He then goes on to define a model of a correlation experiment as being locally 
causal if the probability distribution for the outcomes of the measurements factorises 
when conditioned on the 'hidden' state A in the overlap of the past light cones of the 
measurement events. Thus the requirement for a locally causal theory is that 



where, as before, A and B denote the outcomes of spacelike separated measurements 
and a, b the apparatus settings. 

Imposing this requirement amounts to saying that once all the possible common 
causes of the two events are taken into account (which, guided by classical relativistic 
intuitions, we take to reside in their joint past), we expect the probability distributions 
for the measurement outcomes to be independent and no longer display any correlations'^. 
Again, from the assumption of factorisability, a number of inequalities can be derived 
which are violated for some measurements on entangled quantum states^, leading to the 
conclusion that such correlations cannot be modelled by a locally causal theory. In fact, 
(note that we could take A simply to be the quantum state of the joint system) we know 
that quantum mechanics itself is not a locally causal theory, as it can be seen directly 
that factorisability will fail for some measurements on entangled states. 

^The correlation coefficient between two random variables x and y is given by tlie covariance of x 
and y, cov{x,y) = {{x — {x)){y — (y))), divided by the square root of tlie product of the variances. If 
X and y are statistically independent, p{x A y) = p{x)p{y), then cov(x,y) = and the variables are 
uncorrelated. 

*If we wanted to be more precise, we would need also to assume, for example, that the types of 
measurement A and B chosen did not depend in a conspiratorial way on A. 




(2) 



Pa.b(AAB|A) =Pa(^|A)pb(S|A), 
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However, it is important to note that failure of local causality in Bell's sense does 
not entail the presence of non-local causes. In arriving at the requirement of factoris- 
ability it is necessary to assume something like Reichenbach's principle of the common 
cause; namely, to assume that if correlations are not due to a direct causal link be- 
tween two events, then they must be due to common causes, such causes having being 
identified when conditionalisation of the probability distribution results in statistical in- 
dependence. (Then, arguing contrapositively, if the correlations can't be due to common 
causes, we can infer that they must be due to direct causes.) Thus although failure of 
factorisability may imply that quantum correlations cannot be explained by a common 
cause, it need not imply that there must therefore be direct (and hence non-local) causal 
links between spacelike separated events: it could be the principle of the common cause 
that fails. Perhaps it is simply not the case that in quantum mechanics, correlations 
are always apt for causal explanation^. When discussing non- locality in the context of 
Bell inequality violation, then, we see that it is important to distinguish between the 
non-locality implied for a deterministic hidden variable model of an experiment and a 
violation of local causality, whic h latter need n ot, on its own, imply any non-locality. 

Some terminology: FoUowing lJarretj |l984j . Bell's condition of factorisability is usu- 
ally analysed as the conjunction of two further conditions, sometimes called parame- 
ter independence and outcome independence^ . Parameter independence states that the 
probability distribution for local measurements, conditioned on the hidden variable, 
should not depend on the setting of a distant measuring apparatus; it is a consequence 
of the no-signalling theorem (which we shall discuss further in the next section) that 
quantum mechanics, considered as a stochastic hidden variable theory, satisfies this con- 
dition. The condition of outcome independence, on the other hand, states that when we 
have taken into account the settings of the apparatuses on both sides of the experiment 
and all the relevant factors in the joint past, the probability for an outcome on one 
side of the experiment should not depend on the actual result at the other. It is this 
condition that is typically taken to be violated in orthodox quantum mechanics. We 
shall discuss outcome independence further in the context of the Everett interpretation 
below (Section ^ ; for a discussion of the relatio n between out come independence and 
Reichenbach's principle of the common cause, see iBrownl 199lj . 

Previously we said that entanglement was a necessary condition for Bell in equality 
violat ion; somewhat surprisingly, it turns out that the converse is not true. IWerned 
|l989) showed that a local hidden variable model could be constructed for a certain 
class of entangled mixed states ('Werner states'), which means that entanglement is 
not a sufficient condition for non-locality in the sense of Bell inequality violation; the 
two terms are not synonymous (although it was subsequently established that entan- 
glement doe s always imply violation of some Bell inequality for the restricted case of 
pure states Gisin and Peresii.1992: Pooescu and Rohrlich 1992j 'l. The plot was further 
thickened when Popescu demonstrated that the Werner states for dimensions greater 

^In contrast to the present approach. iMaudlinI l2002l Chpt. 4] insists that failure of factorisability 
does imply non-local causation as he adheres to the common cause principle, taking it be almost a 
tautology that lawlike prediction of correlations is indicative of a causal connection, either directly or 
via a common cause. One might be worried, however, that this sort of argument does not provide a 
suffici ently robust notion of cause to imply a genuine notion of non-local action-at-a-distance. iDicksoi] 
Il998l argues that in the absence of full dynamical specification of a model of Bell experiments (of the 
sort that the de Broglie-Bohm theory, for instance, provides) , as opposed to the rather schematic hidden 
variable schemes we have been considering, it is in any case precipitate to reach much of a conclusion 
abo ut whether gen uine non-locality is involved in a model. 

^Maudlil] Il998l pp. 94- 51 points out th at Jarrett's decomposition is not unique; it may nonetheless 
be a useful distinction; see iDicksonI |1998L §6.2.3] for further discussion. 
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than or equal to five could, however, be made to violate a Bell inequality if sequential 
measurements are allowed, rather than the single measurements of the standar d Bell in- 
equality scenario; this property he termed 'hidden non-locality' Popesculll995| (see also 
lBa.rrettj [2f)nTll2nn2j for a useful discussion and a further development). We see that the 
relationship between entanglement and Bell inequality violation is indeed subtle, just as 
the links between Bell inequality violation and non-locality are complex. What, then, 
of relativistic concerns? 

Normally one would vaguely assent to the idea that special relativity implies that the 
speed of light is a limiting speed, in particular, the limiting speed for causal processes 
or for signalling. It has long been recognised, however, that the fundamental role of 
the speed of light in relativity is as the invariant speed of the theory, not, in the first 
instance, as a limiting speed''. That being said, though, one does still need to pay some 
attention to the question of superluminal signalling. 

The immediate concern with superluminal signals in a relativistic context is familiar 
- in at least some frames, a superluminal signal is received before it is emitted, so we 
could arrange for a signal to be sent back that would result in the original signal not 
being transmitted, hence par adox. Clearly, su ch signal loops must be impossible. In his 
influential discussion, though. iMaudlinI |2002j draws a distinction between superluminal 
signals simpliciter and superluminal signals that allow loops, arguing that it is only the 
latter that need give rise to inconsistencies with relativity. In our opinion, however, it 
is not clear that this distinction is actually based on physically reasonable possibilities, 
which leads us to conclude more simply that superluminal signals cannot satisfactorily 
be incorporated into Lorentz covariant theories as they would naturally give rise to the 
possibility of loop paradoxes. 

The fundamental relativistic constraint is that of Lorentz covariance. From the 
principle of Relativity (roughly, the laws governing the change of physical systems do 
not depend on which inertial frames those changes are referred to), the Light Postulate 
(the two-way speed of light in the 'resting' frame is independent of the velocity of its 
source and is isotropic) and some other natur al constra i nts ( linearity, the homogeneity 
of space and time and the isotropy of space). lEinsteinl 19051] derived the appropriate 
transformations - the Lorentz transformations - between inertial frames. Laws that are 
not Lorentz covariant would violate the principle of Relativity (given the light postulate), 
for the laws would depend on which inertial frame they were referred to, which is to say, 
they would pick out a preferred frame of reference. 

How, then, do the notions of non-locality that we have seen to be associated with 
some forms of entanglement in the violation of Bell inequalities relate to relativity? Only 
indirectly, at best. Violation of Bell's notion of local causality does not on its own imply 
non-local causation, hence there is no immediate suggestion of any possible conflict with 
Lorentz covariance; and although the implied non-local mechanism in a deterministic 
hidden variable theory would pick out a preferred inertial frame and violate Lorentz 
covariance*, this would only be of any signiflcance if we were actually to choose to adopt 
such a model^. 



^T his goes against the 'absolute' approach of Robb, Zeeman and others. See e.g. iLucas and Hodgsonl 
Il99d Chpt.3]. 

®At least when a full dynamical specification of the theory was forthcoming; cf. the comment on 
Dickson, footnote ISl 

^Even then, surprisingly, one might still argue that there is no real violation of relativity; some have 
sug gested that it is on ly observable, or empirically accessible quantities that need be Lorentz invariant 
[cf. iBrown et alJIlQHfl . This would imply that even the de Broglie-Bohm theory might be consistent 
with relativity, despite its manifest non-locality. 
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A more direct link between entanglement and relativity would be in the offing, how- 
ever, if we were to take collapse of the wavefunction seriously, a matter we have not 
so far addressed. Collapse seems just the sort of process of action-at-a-distance that 
would be inimical to relativity, and in the context of EPR or Bell-type experiments, the 
processes of collapse that would be needed to explain the observed correlations raise 
profound difficulties with the requirement of Lorentz covarian ce. Some Loren t z covari- 
ant th eories of dynamical collapse have been proposed (e.g. iFlemind 1989l |: Ichiradil 
|2002j l. but rather than consider these, our attention now turns instead to consider how 
relativity and collapse figure in the context of Einstein's celebrated discussions of the 
interpretation of quantum theory, before we go on to see how the issue of non-locality 
is transformed if one denies collapse, as in the Everett theory. 



3 Einstein, Relativity and Separability 

Einstein's scepticism about quantum mechanics, or at least his opposition to the quan- 
tum theory as preached by the Copenhagen school, is well known. As the father of 
relativity and in the context of the EPR paper, it is tempting to see this opposition as 
based on his recognising that the sort of correlations allowed by entangled states will 
conflict with relativity at some level. At the 1927 Solvay Conference, Einstein did indeed 
convict quantum theory, considered as a complete theory of individual processes, on the 
grounds of conflict with relativity. At this early stage, though, his concern was with the 
action-at-a-distance implied by the collapse on measurement of the wavefunction of a 
single particle diffracted at a slit (a process that somehow stops the spatially extended 
wavefunction from producing an effect at two or more places on the detecting screen), 
rather than anything to do with entanglement. 

In fact, as several commentators have remarked, Einstein's fundamental worry in the 
EPR paper, a worry more faithfully expressed in his later expositions of the argument, 
was not directly to do with relativity. Rather, his opposition to quantum theory was 
based on the fact that, if considered complete, the theory violates a principle of separa- 
bility for spatially separated systems. What he had in mind is expressed in the following 
passage: 

If one asks what, irrespective of quantum mechanics, is characteristic of the 
world of ideas of physics, one is first of all struck by the following: the concepts 
of physics relate to a real outside world, that is, ideas are established relating to 
things such as bodies, fields, etc., which claim 'real existence' that is independent 
of the perceiving subject... It is further characteristic of these physical objects that 
they are thought of as arranged in a space-time continuum. An essential aspect 
of this arrangement of things in physics is that they lay claim, at a certain time, 
to an existence independent of one another, provided these objects 'are situated 
in different parts of space'. Unless one makes this kind of assumption about the 
independence of the existence (the 'being thus') of objects which are far apart 
from one another in space - which stems in the first place from everyday thinking 
- physical thinking in the familiar sense would not be possible. It is also hard to 
see any way of formulating and testing the laws of physics unless one makes a clear 
distinction of this kind. 

...The following idea characterises the relative independence of objects far apart 
in space (A and B): external infiuence on A has no direct influence on B; this is 
known as the 'principle of contiguity', which is used consistently only in the field 
theory. If this axiom were to be completely abolished, the idea of the existence of 
(quasi-) enclosed systems, and thereby the postulation of laws which can be ch ecked 
empirically in the accepted sense, would become impossible. |Einsteinlll948l| 
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In this passage, Einstein's description of the grounds for a principle of separabihty 
takes on something of the form of a transcendental argument - separability is presented 
as a condition on the very possibility of framing empirical laws. From the EPR argument, 
however, it follows that separability is not consistent with the thought that quantum 
mechanics is complete. 

If we consider two entangled systems, A and B, in a pure state, the type of mea- 
surement made on A will determine the (pure) state that is ascribed to B, which may 
be at spacelike separation. Any number of different measurements could be performed 
on j4, each of which would imply a different final state for B. From the principle of 
separability, however, the real state of a distant system cannot be affected by the type 
of measurement performed locally or indeed on whether any measurement is performed 
at all; separability then requires that the real state of B (the physically real in the region 
of space occupied by B) has all of these different possible quantum states associated 
with it simultaneously, a conclusion clearly inconsistent with the wavefunction being a 
complete description^*^ . 

Since the principle of separability is supported by his quasi-transcendental argument, 
Einstein would seem to be on firm ground in denying that quantum mechanics can be 
a complete theory. On further consideration, however, the argument for separability 
can begin to look a little shaky. Isn't quantum mechanics itself a successful empirical 
theory? Is it not then simply a counterexample to the suggestion that physical theory 
would be impossible in the presence of non-separability? As Maudlin puts it: 'quantum 
mechanics has been precisely formulated and rigorously tested, so if it indee d fails to 
display the structure Einstein describes, it also immediately refutes his worries ' |Maudlinl 
[1998. p.49]. 

As implied in Maudlin's phrasing (note the conditional), some care is required with 
this response. Since it is precisely the question of how the formalism of quantum me- 
chanics is to be interpreted that is at issue, we are always free to ask what it is that 
is supposed to have been tested by the empirical success of the predictions of quantum 
theory. A complete and non-separable theory, or an incomplete and statistical one? Ap- 
peal to bare empirical success appears insufficient to decide the question of the meaning 
of the formalism. Let us, then, try to sharpen the intuition that orthodox quantum 
theory may constitute a counterexample to Einstein's argument. 

It is useful to look in a little more detail at the principle of separability. Although it is 
not clear that he does so in the above quoted passage, elsewhere at lea st, Einstein distin- 
guishe d between wha t might be called separability proper and locality ijBorn et alJ |l97ll 
D.164] ISchilDij 19791 p. 85]; [cf. .Howard .1997,] ). Separabihty proper is the requirement 
that separated objects have their own independent real states (in order that physics can 
have a subject matter, the world be divided up into pieces about which statements can 
be made); locality is the requirement that the real state of one system remain unaffected 
by changes to a distant system. One would usually take this locality condition to fail 
in orthodox quantum mechanics with coUapse^"'^. The justification for the feeling that 

^"This is the simphfied version of the EPR incompletness argument which Einstein preferred. It is 
interesting to note the dialectical significance of Einstein's use of entangled systems in the argument for 
incompleteness. His earlier attempt to argue for incompleteness could be blocked by Bohr's manouevre 
of invoking the unavoidable disturbance resulting from measurement in order to explain non-classical 
behaviour and the appearance of probabilities in the quantum description of experiments. Using the 
correlations implicit in entangled systems to prepare a state cleverly circumvents the disturbance doc- 
trine, as there is no possibility of the mechanical disturbance Bohr had in mind being involved fcf. iFin j 
119861 . 

^'^Some commentators have suggested that Bohr for one, however, upheld locality at the expense of 
separability proper, see e.g. .Murdoch>.1987.. §8.7]. 
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the orthodox theory provides a counterexample to Einstein's transcendental argument 
is that this failure of locality is relatively benign; it does not seem to make the testing of 
predictions for isolated systems impossible. It is important to note why. The predictions 
made by quantum mechanics are of the probabilities for the outcomes of measurements. 
It is established by the no-signalling theorem, however, that the probabilities for the 
outcomes of any measurement on a given sub-system, as opposed to the state of that 
system, cannot be affected by operations performed on a distant system, even in the 
presence of entanglement. Thus the no-signalling theorem entails that quantum theory 
would remain empirically testable, despite violating locality^^. 

There might remain the worry from the Einsteinian point of view that testability 
at the level of statistical predictions does not help with the problem that the proper 
descriptive task of a theory may be rendered difficult given a violation of locality. Local 
experiments may have difficulty in determining the real states, if such there be; but this 
is a different issue from the question of whether it is possible to state empirical laws. 
Consider, for example, the de Broglie-Bohm theory. Here we have perfectly coherently 
stated dynamical laws, yet if the distribution for particle co-ordinates is given (as usual) 
by the modulus squared of the wavefunction, it is impossible to know their positions. So 
it does seem that counterexamples can be given to Einstein's transcendental argument, 
orthodox quantum theory with collapse being one of them. With this in mind, it is 
somewhat reassuring that having presented the transcendental argument, Einstein went 
on to reach a more conciliatory conclusion: 

There seems to me no doubt that those physicists who regard the descriptive 
methods of quantum mechanics as definitive in principle would... drop the 
requirement... for the independent existence of the physical reality present in 
different parts of space; they would be justified in pointing out that quantum 
theory nowhere makes explicit use of this requirement. I admit this, but 
would point out: when I consider the physical phenomena known to me. ..I 
still cannot find any fact anywhere which wo uld make it app ear likely that 
[the requirement] will have to be abandoned. |Einsteinlll94Sl p. 172] 

Having introduced the no-signalling theorem, we should close this section by remark- 
ing that this theorem is of crucial importance in saving quantum mechanics from explicit 
non-locality; moreover, a form of non-locality that would lead to direct conflict with rel- 
ativity^^. For if the probability distribution for measurement outcomes on a distant 
system could be affected locally, this would provide the basis for superluminal signalling 
processes that could lead to the possibility of temporal loop paradoxes; and such pro- 
cesses, we have suggested, cannot be incorporated into a Lorentz covariant dynamical 
theory. 



4 Non-locality in the Everett interpretation 

Einstein's argument for the incompleteness of quantum mechanics made crucial use of 
the notion of collapse along with that of entanglement. It is interesting to see what 

^^An early ver sion of the no -signalling theorem, specialised to the cas e of spin 1/2 EPR-type experi - 
ments appears in|Bohml Il95ll . Later, more g eneral versi ons ar e given bv lTausM ll967l : lEberhardl Il978l ; 
iGhiradi et'aP Il98(l . See also IShimonvl 119841: Rcdhc^ Il987j . 

^^The no-signalling theorem rules out the possibility of signalling using entangled systems, but note 
that in the context of non-relativistic quantum mechanics, signalling at arbitrary speeds is nonetheless 
possible by other means. For example, if the walls are removed from a box in which a particle has been 
confined, then, instantaneously, there is a non-zero probability of the particle being found in any region 
of space. 
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happens if one attempts to treat quantum theory without cohapse as a complete theory. 
This way hes the Everett approach, to which we shall now turn. 

It is a commonplace that the Everett interpretation^* provides us with a picture in 
which non-locality plays no part; indeed, this is often presented as one of the main selling 
points of the approach. Everett himself stated rather dismissively that his relat ive state 
interp retation clarified the 'fictitious paradox' of Einstein, Podolsky and Rosen [Everett! 
Il957t §5.3]; |Pagc 1982] illustrates in some detail how the absence of collapse in the 
Everett picture allows one to circumvent the argument for incompleteness. 

Two things are important for the apparent avoidance of non- locality in Everett. 
The first is that we are dealing with a no-collapse theory, a theory of the universal 
wavefunction in which there is only ever unitary evolution. Removing collapse, with 
its peculiar character of action-at-a-distance, we immediately do away with one obvious 
source of non-locality. The second, crucially important, factor (compare the de Broglie- 
Bohm theory) is that in the Everett approach, the result of a measurement is not the 
obtaining of one definite value of an observable at the expense of other possible values. 

In the presence of entanglement, sub-systems of a joint system typically do not 
possess their own state (i.e. are not in an eigenstate of any observable), but only a 
reduced density matrix; it is the system as a whole which alone has a definite state. In 
the Everett approach, however, what claim importance are the states relative to other 
states in an expansion of the wavefunction. A given sub-system might not, then, be in 
any definite state on its own, but relative to some arbitrarily chosen state of another 
sub-system, it will be in an eigenstate of an observable. That is, it possesses a definite 
value of the observable relative to the chosen state of the other system. This allows us 
to give an explanation of what happens on measurement. Measurement interactions, 
on the Everett picture, are simply (unitary!) interactions which have been chosen so 
as to correlate states of the system being measured to states of a measuring apparatus. 
Following an ideal first-kind (non-disturbing) measurement, the measured system will 
be in a definite state (eigenstate of the measured observable) relative to the indicator 
states of the measuring apparatus and ultimately, relative to an observer. If there are a 
number of different possible outcomes for a given measurement, a state corresponding to 
each outcome will have become definite relative to different apparatus (observing) states, 
following the interaction. Thus the result of a measurement is not that one definite value 
alone from the range of possible values of an observable obtains, but that each outcome 
becomes definite relative to a different state of the observer or apparatus^^. 

Given this sort of account of measurement, there appears to be no non- locality, and 

^"^It is perhaps worth noting that there have been a number of different attempts to develop Everett's 
original ideas into a full-blown interpretation of quantum th eory (Many Minds, Many Worlds...). The 
most sa tisfactory of those, in our view, is the 'relativism' of ISaundersI Il995t Il996bl Il99d Il996al (see 
also IWa llacc 2001]) which resolves the preferred basis problem and has made considerable progress on 
the question of the meaning of probability in Everett, these two being the main problems that have 
threatened the coherence of the approach. It is this version that should be considered, then, when 
a detailed ontological picture is desired in what follows, although nothing much in the discussion of 
non-locality should turn on this. 

^^The situation becomes more complicated when we consider the more physically realistic case of 
measurements which are not of the first kind; in some cases, for example, the object system may even 
be destroyed in the process of measurement. What is important for a measurement to have taken place 
is that measuring apparatus and object system were coupled together in such a way that if the object 
system had been in an eigenstate of the observable being measured prior to measurement, then the 
subsequent state of the measuring apparatus would allow us to infer what that eigenstate was. In this 
more general framework the importance is not so much that the object system is left in a eigenstate 
of the observable relative to the indicator state of the measuring apparatus, but that we have definite 
indicator states relative to macroscopic observables. 
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certainly no conflict with relativity in Everett. The obtaining of definite values of an 
observable is just the process of one system coming to have a certain state relative 
to another, a result of local interactions governed by the unitary dynamics. Further- 
more, when considering spacelike separated measurements on an entangled system, say 
measurements of parallel components of spin on systems in a singlet state, there is no 
question of the obtaining of a determinate value for one sub-system requiring that the 
distant system acquire the corresponding determinate value, instead of another. Both 
sets of anti-correlated values are realised (become definite) relative to different observing 
states; there is, as it were, no dash to ensure agreement between the two sides to be a 
source of non-locality and potentially give rise to problems with Lorentz covariance. 

Let us consider the example of the Bohm version of the EPR experiment in a little 
more detail. We begin with two spin-1/2 systems (labelled 1 and 2) prepared in a singlet 
state. The relevant degrees of freedom of measuring apparatuses mA,mB in regions A 
and B of space we can model as two-state systems with basis states {| 1)a, \ Da}, 
{| T)bj I Db} respectively. (In what follows we shall suppress the exphcit tensor product 
sign). Measurement by apparatus A of the component of spin at an angle from the 
2;-axis on system 1 would have the effect 

Tr(a\j \U)i\h)A \U)i\h)A (o\ 

^ '{ \ie)i\h)A ^ \U)i\Io)a ' 

where | "f e) , | le) are eigenstates of spin in the rotated direction; similarly for measure- 
ment of system 2 by apparatus B. 

If we treat the case of parallel spin measurements at A and B first, the initial state 
of the whole system is 

im;^(|T)iU)2-U)i|T)2)|T)s. (4) 

Note that the states of the measuring apparatuses factorise; at this stage, they are 
independent of the states of the spin-1/2 particles. For the measurements to be made, 
systems 1 and 2 are taken to regions A and B respectively and measurement interactions 
of the form © occur (the time order of these interactions is immaterial) ; we finish with 
the state 

^(imiT)iU)2U)s-U)AU)i|T)2|T)s). (5) 

It is important to note that following the measurements at A and B, not only does 
each measured system have a definite spin state relative to the indicator state of the 
device that has measured it, but the systems and measuring apparatuses in each region 
(e.g. system 1 and apparatus in A) have definite spin and indicator states relative 
to definite spin and indicator states of the system and apparatus in the other region 
(e.g. 2,mB in B). That is, following the two local measurements, from the point of view 
of the systems in one region, the states of the systems in the far region correspond to a 
definite, in fact perfectly anti-correlated, measurement outcome. This is in contrast to 
the general case of non-parallel spin measurements at A and B. Here we may write the 
initial state as 

IT)a^(IT)iU)2-U)i|T)2)|T«)b, (6) 

where we have assumed a relative angle 9 between the directions of measurement. If we 



10 



Entanglement and Relativity 



write 1 1) 



a|Te)+/3Ue), U) 



a'l te) +/9'Ue) , this becomes 



n)A^ |T)i(a|Te)2+/3Ue)2)-U)i(a'|Te)2 + /3'Ue)2) \U)b. 



(7) 



We can then see that following the measurements at A and B, we will have 



1 r 



|T>a|T>i {a\U)2\h)B+P\io)2\le)B) 



(8) 



\l)A\l)l{a'\h)2\h)B+P'\ie)2\io)B) 



Here, relative to states representing a definite outcome of measurement in region 
there is no definite outcome in B\ system 2 and apparatus tob are just entangled, with 
no definite spin and indicator states. Similarly, from the point of view of definite spin 
and indicator states of 2 and tob (a definite outcome in region _B), there is no definite 
outcome of measurement in region A. 

For non-parallel spin measurements, then, unlike the parallel case, we need to perform 
a third measurement, comparing the outcomes from A and -B, in order to make definite 
spin and indicator states from one side definite relative to definite spin and indicator 
states from the other. Thus systems from A and B have to be brought together and a 
joint measurement performed, leading to a state like: 



where the states | X\)c etc. are the indicator states of the comparing apparatus. Fol- 
lowing this third measurement, which can only take place in the overlap of the future 
light cones of the measurements at A and -B, a definite outcome for the spin measure- 
ment in one region finally obtains, relative to a definite outcome for the measurement 
in the other. We note that it is only with a joint measurement of this sort that the 
non-factorisable joint probability distribution for the outcomes of the non-parallel spin 
measurements is observable. Indeed, in the Everett picture, prior to this third stage of 
measurement when systems from A and B have been brought together, the joint proba- 
bility distribution for the outcomes of the spin measurements can only denote what we 
might call a joint propensity, namely a propensity of the two systems to display the ap- 
propriate probability distribution if brought together and the comparison measurement 
performed. 

The distinction introduced in Section |5] between parameter independence and out- 
come independence in the framework of stochastic hidden variable theories provides a 
common terminology in which the oddity of the quantum correlations inherent in en- 
tangled states is discussed. As we mentioned, the no-signalling theorem ensures that 
parameter independence is satisfied for orthodox quantum mechanics and it is violation 
of outcome independence that one usually takes to be responsible for failure of factoris- 
ability. Recall that the condition of outcome independence states that once one has 
taken into account the settings of the apparatuses on both sides of the experiment and 
all the relevant factors in the joint past, the probability for an outcome on one side 
of the experiment should not depend on the actual result at the other. Violation of 
this condition, then, presents us with a very odd situation. For how could it be true of 



-^[a\ T>a| T>i| Te>2| Te>B| TT>c + P\ T>a| T)iUe>2| Wb| Ti)c 

-a'\i)A\i)i\h)2\h)B\mc-f3'\i)A\i)i\ie)2\i6)B\ll)c], (9) 
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two stochastic processes which are distinct and supposed to he irreducibly random that 
their outcomes may nonetheless display correlations! (One might say that this question 
captures the essence of the concerns raised by the EPR argument, but formulated in a 
way that requires neither exphcit appeal to collapse nor to perfect correlations (as in 
the case of parallel spin measurements on the singlet state).) 

The Everett interpretation can help us with the oddity of the violation of outcome 
independence and with understanding how the quantum correlations come about in 
general. The important thing to note is that the obtaining of the relevant correlations 
in the Everett picture is not the result of a stochastic process, but of a deterministic 
one. Given the initial state of all the systems, the appropriate correlations follow de- 
terministically, given the interactions that the systems undergo. Correlations between 
measurement outcomes obtain if definite post-measurement indicator states of the vari- 
ous measuring apparatuses are definite relative to one another. If we have a complete, 
deterministic story about how this can come about, as we do, then it is difficult to sec 
what more could be demanded in explanation of how the quantum correlations come 
about. (Of course, the general question of understanding the nature and capacities of 
the correlations inherent in entangled states remains, but as a separate issue.) 

We have seen how the story goes in the EPR-type scenario: for parallel measure- 
ments, given the initial entangled singlet state and given the measurement interactions, 
it was always going to be the case that an 'up' outcome on side A would be correlated 
with a 'down' outcome on side B and a 'down' at A with an 'up' at B (both outcomes 
co-existing in the Everett sense). For the case of non-parallel measurements, correla- 
tions don't immediately obtain after the two spin measurements, but again, it follows 
deterministically that the desired correlations obtain if the necessary third measurement 
is later performed. With regard to the question of outcome independence, we see that 
we avoid the tricky problem of having to explain how the condition is violated, as from 
the point of view of Everett, the scenario is not one of distinct stochastic processes mys- 
teriously producing correlated results, but of correlations arising deterministically from 
an initial entangled state. 

It is interesting to compare how Everett deals with the apparent non-locality and 
potential problems with Lorentz covariance that arise with entanglement and how a sta- 
tistical interpretation docs so. (By statistical interpretation, we mean an interpretation 
in which quantum mechanics merely describes probabilities for measurement outcomes 
for ensembles, there is no description of individual systems and collapse does not corre- 
spond to any real physical process for individual syst(uns). In neither case do we have 
collapse, nor anything added to the quantum formalism, hence in neither case do we face 
a problem of the form: how can there be correlations between space-like separated events 
that cannot be explained by factors in their joint past? The only question that can re- 
main is whether any problems arise from the fact that things can sometimes depend in 
an interesting way on parameters chosen in space-like separated regions (for example, 
the non-factorisable probability distributions in EPR-type experiments depending on 
choices of measurement directions). 

Noting that in a relativistic quantum mechanics, the state will behave correctly under 
Lorentz transformations, it is clear that the no-signalling theorem does all the work 
necessary to ensure that there will be no problems with relativity on either interpretation. 
The relevant dependence on the parameters is only in joint probability distributions and 
these can only be observed at a point, when the appropriate systems have been brought 
together^^. As for possible non- locality, things are a trifle more involved. If we take the 

'^^The moral here seems to be: what the tensor product structure of the state space gives with 
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|0+) = i/x/2(|T)|T>+U>U)) 
|0-) = i/V2(|T)|T>-U>U)) 

|^+> ^l/^/2(|T>U) + U)|T» 

|V^-) = i/V2(|T)U)-U)IT)) 



i(Ty (g) l\tfj~) 

-ax (E) 1|V'~) 

1® ijl/-^) 



Table 1: The four Bell states, a maximally entangled basis for 2 (g) 2 dim. systems. 



possible effects of measurements to be our main object of concern, one can justifiably say 
that in both Everett and the statistical interpretation there is no action-at-a-distance, 
although for slightly different reasons in the two cases. In the statistical interpretation, 
there is simply no action on measurement, as we are not trying to describe the behaviour 
of individual systems; in Everett there is action on measurement (correlation between 
systems and apparatus), but it doesn't operate at a distance. 

This latter claim stands in need of some clarification. We emphasized earlier that 
there is no action-at-a-distance analogous to the effect of collapse in Everett, due to the 
co-existence of the different measurement outcomes; however it might be argued that 
this is not quite sufficient to establish that the effect of a measurement is entirely local. 
Of course, the no-signalling theorem again plays an important role in establishing that 
local expectation values will be unaffected by a distant measurement, but our worry 
might be of a different sort. As has become clear from the phenomena of entanglement 
assisted communication, in the presence of entanglement, local unitary operations (of 
which measurement, of course, is one) can have a significant effect on the global state. 

This is most obvious in superdense coding , the first example of entanglement assisted 
communication [Bennett and Weisneil Il99^ . Here we imagine two parties, Alice and 
Bob, who share a maximally entangled state, for example the singlet state of two two- 
state systems. By applying one of the four operators {1, ax, o'y, az} to her half of the 
entangled pair and then sending it to Bob, Alice can succeed in sending him two bits of 
information rather than the single bit which is the most that one normally expects to 
be able to encode into a single two-state system. The trick is that applying one of the 
Pauli operators to Alice's system flips the joint state into one of the others of the four 
maximally entangled 'Bell' states (Table ^1. When both systems are in his hands, Bob 
simply needs to perform a Bell basis measurement, whose outcome will then tell him 
which operator was applied by Alice. In this protocol, the possibility of changing the 
global stat e by a local op eration is being used to send information in an unexpected way. 
|Br au nstein et al.l 200ni | argue that the ability to span the set of maximally entangled 
states by local unitary operators also lies at the heart of teleportation, a phenomenon to 
which we shall shortly turn.) 

This sort of global effect of a local operation is certainly striking^^, but it is not clear 
that it is appropriately called a non-local effect. After all, one might argue, the global 
state is not obviously a spatio-temporal entity, even if we are being robustly realist about 
it; and unlike the sort of change associated with collapse, it is certainly not the case 
that any local and non-relational properties of the separated systems change when the 

one hand (correlations between separated systems), it takes away with the other (have to perform 
a joint measurement). From this point of view it appears that there is no conspiracy about why 
quantum mechanics is compatible with relativity; the appropriate thing to say seems to be that quantum 
me chanics is simply blind to spacetime considerations. 

^ lEkert and Jozsal Il998l suggest that effects of this sort are also responsible for the exponential speed 
up achievable by quantum computers for certain computational tasks. 
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operation is performed (i.e. locally observable probability distributions are unchanged). 

How about the ot her example of entanglement assisted communication, teleportation 
Bennett et al.l[l993j ? Here Alice and Bob again share a maximally entangled state, 
but this time, Alice is trying to send an unknown quantum state rather than classical 
information. She begins by performing a Bell basis measurement on her half of the 
entangled pair and the system whose state she is trying to transmit. This has the effect 
of flipping Bob's half of the entangled pair into a state which differs from the state Alice 
is sending by one of four unitary operations, depending on what the outcome of Alice's 
measurement was. If the output of Alice's measurement is sent to Bob, he can perform 
the required operation to obtain a system in the state Alice was trying to send. The 
signiflcant feature of this protocol for our current purposes is that from the Everett 
perspective, immediately following Alice's measurement and before she sends a record 
of her outcome to Bob, Bob's system will already have acquired a definite state related 
to the state Alice is sending, relative to the outcome of Alice's measurement. And this 
looks like a form of non- locality: the pertinent relative state of Bob's system has come 
to depend on the parameters characterising the state being sent by Alice, merely as a 
result of a local operation (measurement) carried out at a distance by Alice, and without 
any direct interaction between the two sides of the experiment. 

It seems that this appearance of non-locality is again not genuine, however. What 
have changed as a result of Alice's measurement are the relative states of Bob's system; 
that is, roughly, relational properties of his system. It is no mystery that relational 
properties can be affected unilaterally by operations on one of the relata and it certainly 
does not connote non-locality. (Compare 'a: is heavier than y'; we might make y heavier 
by adding weights, so that this statement becomes false, but this would not indicate a 
non-local effect on x.) The effect of Alice's measurement has been to entangle further 
systems with the initial entangled pair, namely, the system whose state was to be trans- 
mitted and systems recording the outcome of the Bell measurement. The trick is that 
the type of measurement interaction Alice performs has been chosen such that the way 
in which the systems recording the outcome of her measurement are allowed to become 
related to Bob's system (in virtue of the initial entanglement) entails that relative to 
their outcome recording states, Bob's system will have the required states. That is, the 
genuine change is in fact all on Alice's side^*. 

The upshot of this discursion is that we are indeed justified in saying that there 
is no non- locality in Everett. Although local unitary operations can have remarkable 
effects on the global state in the presence of entanglement, these effects are not such 
as to impute non-locality. There are no effects on local and non-relational properties of 
separated systems and, we have suggested, effects on relational properties (effects of the 
sort we have seen vividly demonstrated in teleportation) do not imply non- locality 

Finally, let us note in closing that there remains a particularly interesting question 
which we have not addressed here. This is the question of how the notion of spacetime, 
normally construed as a manifold of points associated with definite physical events, is 
to be understood at a fundamental level in an Everettian fr amework. A suitable point 
of departure for consideration of this topic is the analysis of iBacciagahipnil |2n02j . 

^ ^For a closely r elated discussion of the locality of teleportation from the point of yiow of Eyerett, 
see lVaidmai] 119941 . 

'^^In an interesting recent paper, iDeutsch and HaydenI |2nnfl claim to haye provided an especially 
local account of quantum mechanics despite the presence of entanglement. It is not clear, howeyer, 
that their account, which inyolyes unitary, no-collapse quantum mechanics with no determinate yalues 
added, confers any benefits with resp ect to locality not already ayailablc on cither an Eyerettian or 
statistical interpretation; see lTimpsorJ 20021. 
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5 Summary 

In this paper, we have seen something of the relation of entanglement and relativity via 
the notion of non-locality. Whilst Bell-inequality violation provides a relatively precise 
notion of non-locality, or rather, two separate notions, neither implies any direct link 
from the entanglement of quantum states to concerns about relativity. Wavefunction col- 
lapse, on the other hand, does raise prima facie concerns about Lorentz covariance, and 
we saw how Einstein used entanglement and collapse in his argument for the incomplete- 
ness of quantum mechanics. One might give up collapse, however, whilst maintaining 
that quantum mechanics is a complete theory, leading to the Everett interpretation. Here 
we saw how co-existence of measurement outcomes alleviates any fear of non- locality in 
Bell-type experiments; and it was argued further that within the Everett framework, 
the potentially worrisome global effects of local unitary operations, demonstrated in 
entanglement assisted communication protocols, would not amount to a novel sort of 
non-locality. 
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